Using single/multiple layers of highly conductive metallic wire mesh screen bonded to a plain heat transfer base surface, the two-phase heat transfer performance of a microjet impinging onto a porous coated copper surface was studied. Experiments were conducted at three different flow rates of water under atmospheric pressure. For comparison, experiments of jet impinging on a plain copper surface were also conducted. The results show that a base surface heat flux of 289W/cm 2 is reached at a superheat of 7.9K and a jet Reynolds number of 5000 with a four-layer 200-mesh test article.
INTRODUCTION
The ever-increasing packaging density of modern electronic systems demands efficient cooling to ensure their safe operation. By some statements [1, 2] , the surface heat flux for next generation electronics may reach 1000W/cm 2 in a 10-year time frame. Conventional air cooling or single-phase liquid cooling schemes will not be adequate to accommodate such high heat fluxes. Thus, new cooling technologies need to be developed.
Under similar conditions, boiling heat transfer can attain much higher heat transfer coefficients compared to single-phase flow. Numerous studies have shown that boiling, especially nucleate boiling, can be enhanced by proper treatment of heater surfaces to increase the area density of potential bubble nucleation sites. This can be achieved by the use of mechanical or chemical means to create micro cavities or "pore-and-tunnel" [3] geometries on the boiling surface. Unfortunately, many of those surface micro modifications tend to wear off due to fouling or degassing, thus making this technique not reliable for long-term applications. Therefore, other options have to be explored.
Metallic porous media are known for possessing a large number of interconnected or discrete pores and a high surface area to volume ratio (specific surface area). If attached to a boiling surface with properties tuned appropriately, the formed porous surface can serve as an effective boiling promoter. The boiling enhancement mechanism of such surfaces was summarized by Thiagarajan et al. [4] , as a combination of the following factors: an increase in the effective surface area, an increase in the nucleation sites' density, the presence of capillary forces that facilitate liquid flow, and the dependence of the vapor escape path on the pore distribution in the layer adjacent to the liquid.
One convenient way to build a porous surface is by attaching single/multiple layers of highly conductive metallic wire mesh screen onto a plain heat transfer base surface. Variations of wire diameter, mesh number (inverse of wire pitch), and laminate packing density allows for creation of surfaces having a wide range of porosities and pore sizes. Jacob [5] made reference to the use of a screen bonded to a heat transfer surface to promote boiling. He attributes the observed performance enhancement to the increase in surface area that the screen provided. Liu et al. [6] studied boiling of methanol and HFE-7100 on a surface covered with single layer of mesh screen. They found that a 50-mesh layer enhances nucleate boiling only at lower superheat (<10K) while a coarser, 10-mesh layer almost always degrades the heat transfer efficiency. More recently, interest has focused on multi-layer laminations of woven wire mesh. Li and Peterson [7] investigated atmospheric pool boiling of water on horizontal copper screen laminate surfaces. They concluded that the presence of the surface enhancement provided significant performance enhancement. In a more comprehensive study, Wirtz and coworkers [8] [9] [10] studied boiling performance of wire mesh screen laminate extended surface matrixes under various pool boiling and flow boiling conditions. They tested working fluids such as water, FC-72 and isopentane. Boiling performance enhancements over plain surface were seen in all cases.
In addition, impinging jets have been shown to attain very high heat transfer coefficients on both plain surfaces and structured surfaces [11] [12] [13] . This is often attributed to the impinging effect that reduces the heat transfer resistance by largely decreasing the thickness of the liquid film on the heater surface. Blending impinging jets with wire-mesh screen(s) coated surface should provide additional heat transfer benefits. To further enhance the heat transfer from the base surface to the porous wire mesh, the same material should be used for the plain surface and the porous wire mesh screen, and they should be bonded together in a high temperature tube furnace. The formed porous surface has a monolithic structure. Literature review suggests that jet impingement on porous surfaces has not received much attention despite its potential superior heat transfer performance.
In the present work, experimental study of water jet impingement on a wire mesh laminate coated surface and on a plain copper surface for comparison were performed. The effect of jet subcooling and jet velocity was studied. The objective is to evaluate the potential heat transfer merits of combined jet impinging and wire mesh coated surface. Longterm research objectives focus on revealing the mechanism of this cooling method and developing a semi-empirical model to predict the heat transfer performance. Figure 1 shows a simplified cross section view of the cylindrical test section, which includes the following major components: (1) a heat flux gage, sintering from the top with copper wire mesh screens, both made of oxygen-free copper, (2) a jet plate, made of high temperature plastics, and (3) a thermal insulation layer, made of high temperature fiberglass. The heat flux gage is heated from the bottom with a constant heat flux boundary condition. The circular liquid jet, with a diameter of d jet =2.0mm, impinges from the top, onto the top surface of the heat flux gage. The jet nozzle to impinging surface spacing is 3mm. The spent flow exits from the two circular fluid exits. A thick layer of high temperature thermal insulation material is used on both the heat flux gage and the jet plate to reduce the heat loss to the ambient.
EXPERIMENTS APPARATUS

Test Section
A 3D view of the heat flux gage and the test surface with major dimensions annotated is shown in Figure 2 . The heat flux gage has a two-cylinder configuration dimensioned D c =19.05mm for the large cylinder and d c =6.35mm for the small one. Thus, the area ratio is
The top surface of the small cylinder is the impinging surface. Its diameter is chosen so that (a) the power supply used can deliver a maximum surface heat flux of 1000W/cm 2 ; (b) a standard precision punch (1/4inch) can be used to cut the wire mesh screen, which will be sintered to the top surface of the heat flux gage later.
Figure 1
Sketch of test section assembly
Figure 2 Heat flux gage and porous test surface
Studies have shown that the crossflow tends to degrade local heat transfer performance by disturbing the impinging jet pattern and thicken the wall boundary layers [14] . So making the impinging surface relatively small is likely to help minimize the effects of spent flow. In a case where the impinging zone is much larger than in the present study, we expect the overall heat transfer performance to decrease to a certain extent.
Five thermocouple holes were drilled in the heat flux gage, with four large ones for Type-K thermocouples (d K =0.9 mm) evenly spaced on the large cylinder, and a smaller one for a Type-T thermocouple (d T =0.5mm) located in the small cylinder, at a distance of L=0.5 mm beneath the top surface of the heat flux gage. The locations of the Type-K thermocouple holes were selected according to numerical simulation results so that the measured temperature profile is linear under different heating conditions.
Test Surface
The porous test surface is formed by coating the top surface of the heat flux gage with single or multiple layer(s) of plain woven copper wire mesh screen(s). These screens are characterized by the mesh number, M (defined as the number of wires per linear inch) and wire diameter d. For commercially available wire mesh products, knowledge of M and d w can be used to estimate other properties of the wire mesh screen from models developed in the literature [15] [16] [17] .
The coating process is performed via high temperature sintering in a tube furnace filled with an inert and reducing gas mixture. To increase the thermal contact between the wires and the surface of the heat flux gage, the woven copper wire mesh screen was rolled with a precision rolling mill machine to a predetermined compression ratio of, cf=0.43. This ratio is picked up because it is a typical porosity of a (randomly) packed bed of spheres [8] . The sintering process is detailed in [18] .
The four Type-K thermocouple measurements are used to infer the heat transfer rate across the heat flux gage, while the Type-T thermocouple measures the base surface (plain) temperature at the top of the heat flux gage. An absolute pressure transducer measures the fluid pressure prior to the jet inlet.
The porous test surface, represented by M200-N4, was built with four layers of 200-mesh copper wire mesh screens. The effects of water jet flow rate and subcooling on the jet impingement performance were investigated. As a baseline for comparison, water jet impingement on a plain heat flux gage surface was also conducted. Figure 3 is a schematic of the test loop. The working fluid exits the bottom of a reservoir, enters a gear pump, then flows through a needle valve, an inline filter, a mass flow meter, a preheater, and a ball valve before arriving at the inlet of the test section. Inside the test section, the working fluid is heated or vaporized. After exiting the test section, the heated work fluid passes through another valve and enters into a heat exchanger to cool down and/or condense. The cooled fluid then flows back to the top of the reservoir.
Experimental Set-up
Figure 3 Experimental loop
At the inlet of the test section, the temperature, T jet and system pressure, P sat of the fluid are measured. The pressure P sat is used to evaluate the saturation temperature T sat . The input power to the fluid is calculated using the four Type-K thermocouples located in the heat flux gage; as validated by numerical analysis, the temperature distribution is linear in this region, so the heat flux and power added to the fluid can be calculated using Fourier's Law in 1-D form. This power and the temperature reading from the fifth thermocouple near the surface combined with Fourier's Law were used to infer the base surface superheat, T base and heat flux, q" base . The reading of the mass flow meter is used to calculate the jet velocity and jet Reynolds number, Re jet .
Experimental Procedure
The system pressure was maintained at 138kPa for all experiments, which corresponds to a saturation temperature of about 382K. Before taking data, the experiment system was run for 2-3 hours to remove any trapped gas. The flow rate and subcooling were maintained constant for each experiment. Heat flux was raised to a high value and then gradually decreased. This ensured that any hysteresis effect was avoided in the data.
A Labview based instrumental control, data acquisition, and reduction code was developed to control the DC power supply (which powers the heaters) , to read real time measurements from thermocouples, absolute pressure transducer, mass flow meter, and current and voltage meters, and to calculate thestandard deviations of all measurements in real time. Steady state was considered established when the deviations of the six temperatures were below 0.1K, and the deviation of the absolute pressure was less than 6.9 kPa for more than 10 minutes.
At steady state, about 80 scans (2 minutes) were recorded and averaged for each data point.
Data Reduction and Uncertainty Analysis
The major purpose of the data reduction was to determine the base surface heat flux and wall superheat as well as the area-averaged heat transfer coefficient.
The measured temperature profile in the large cylinder section of the heat flux gage was assumed to follow the onedimensional Fourier's equation; as mentioned above, this was validated with numerical modeling. Least Linear Square Regression was used to fit the four measured temperatures with their corresponding locations
According to Fourier's Law,
Integrating (2),
Since Eq. (1) and Eq. (3) describe the same temperature profile, by equating the right hand side of both equations, yields
The base surface temperature was calculated according to Eq. (6)
The base superheat was calculated as
The subcooling was calculated as follows
The Coefficient of Determination, R 2 was generally found to be greater than 0.995 when Least Linear Square Fitting was used to fit the four measured temperatures with their corresponding locations.
An uncertainty analysis was performed with Monte Carlo Simulation method [19] . It was assumed that the 95%-confidence level (2σ) uncertainty for the thermocouple readings was ±0.3K; for the thermocouple installation locations, the uncertainty was ±0.1mm. Overall, the relative uncertainty for heat flux varied from about ±4.2% to ±46.3%; for the superheat, the uncertainty varied from about ±2.7% to ±4.2%; for jet Reynolds number, the relative uncertainty is about ±10% to ±15%.
RESULTS AND DISCUSSION
Jet Impingement Boiling on a Plain Copper Surface
Jet impingement boiling on a plain copper surface was studied to validate the reliability of the experimental system and to provide a baseline for enhanced boiling performance comparison. Figure 4 presents four boiling curves of a water jet impinging on a plain surface. Note that the experiments were conducted with gradually decreased input heat flux. Those curves were obtained at a jet Reynolds number of 10000. They all display two distinct sections. When the wall superheats were relatively high, those boiling curves show a trend of converging to each other; at low wall superheats, each curve displays a near linear section with a smaller slope; at moderate wall superheats, a transition section is shown for each boiling curve, indicating a gradually decreased boiling from fully developed nucleate boiling at high superheats to single-phase heat transfer at low superheats.
Figure 4 Influence of jet inlet subcooling
Further, one can observe that three of the boiling curves were obtained at a jet inlet subcooling of 30K while one was obtained at a jet inlet subcooling of 50K. It is clearly seen that, a) Three boiling curves which share the same jet inlet subcooling (30K) almost collapse on each other, indicating a good repeatability of the experimental data; b) All boiling curves converge when the wall superheats are over 35K. c) In single-phase region, the heat transfer performance curve with jet inlet subcooling 50K stays on top of that with a jet inlet subcooling of 30K, indicating that subcooling plays a positive influence during the single-phase heat transfer region. d) Two straight lines that pass the two single-phase data points at the two subcoolings also pass the points of (-30K, 0) and (-50K, 0) points. At a wall superheat of -30K, the liquid jet has the same temperature as that of the base plain surface; therefore, the heat flux is zero. Same is true with for the jet with an inlet subcooling of 50K. This demonstrates that the experimental measurement is quite accurate. Figure 5 displays the heat transfer performance curves obtained under the same jet inlet subcooling but with different jet velocities. The correlation developed by Copeland [11] for a circular free surface water jet impingement is also plotted. It is clear that the performance curves start to converge to the curve represented by Copeland correlation when the wall superheat is about 30K and higher. This indicates that the influence of jet velocities is diminishing when boiling is fully developed. Also, it shows the fully developed boiling curves can be well predicted with Copeland's correlation.
The observations from Figure 4 and Figure 5 are consistent with findings reviewed the in [13] . That is, the performance of jet impingement boiling on plain surface is independent of the jet velocity and jet subcooling when boiling is fully developed;
Figure 5 Influence of jet flow rate
Jet Impingement Boiling on M200-N4 Porous Coated Surface Figure 6 shows the preliminary results of subcooling effect on heat transfer performance with water jet impinging on the porous M200-N4 surface. At a high subcooling (50K), the heat transfer performance curve stays to the left of that for a smaller superheat (30K) for the most part, while at relatively high superheat (>5K), the difference between the two performance curves diminished. Due to insufficient power of the cartridge heater used, we were not able to obtain the performance curves at a wider range of superheat; additional tests are being performed with modified cartridge heaters to obtain higher heat fluxes. Figure 6 Subcooling effect on the M200-N4 porous surface Figure 7 shows the heat transfer performance comparision of water jet impinging on a M200-N4 porous surface and a plain surface. The performance curves were obtained with a jet Reynolds number of 5000 and a jet inlet subcooling of 30K. The boiling performance of the porous surface stays well above that of the plain surface. At a wall superheat of about 7.9K, the heat flux reached reached 83.1W/cm 2 on the plain surface while it reached 289.1W/cm 2 on the porous surface, displaying a 248% performance improvement. In addition, at a superheat of 7.9K, the heat transfer process is single-phase for the plain surface while boiling is fully developed for the M200-N4 surface. Reducing the superheat to -5.2K, a heat flux of 54.6 W/cm 2 was reached for the plain surface and it became 90.0 W/cm 2 for the porous surface, demonstrating a 65% heat transfer performance enhancement. From the trends of the heat transfer performance curves, it can also been seen that boiling stopped at a superheat of about 18K on the plain surface while it did not stop until the wall superheat drops to less than 5K on the porous surface.
Figure 7 Heat transfer performance comparison
Apparently, the heat transfer performance of the porous M200-N4 surface displayed a significant enhancement over that of a plain surface. We speculate that this result is due to combined effects of the following characteristics that are typical with heat transfer inside/through a porous structure made of wire mesh screens: (a) a large heat transfer surface (specific surface area); (b) a high bubble nucleation site density, (c) a greatly thickened superheated liquid layer; (d) strong disturbance and stirring caused to fluid movement by the wires. For example, without considering the compression factor, it is estimated that the M200-N4 porous surface increases the total heat transfer area over the plain surface by eleven times. Inside the porous structure, the dominant pore diamter is estimated to be 100 microns, and their density is as high as 6.1• 10 5 pores/cm 3 . These open-cell pores, along with numerous crevices between wire intersections, could serve as potential bubble nucleation sites. In addition, the highlyconductive porous layer, protruding into the fluid, extends the thickness of the superheated liquid layer, which may provide more shelter and growth space for a nascent vapor bubble before it encounters the relatively cold bulk liquid. Last but not the least, the wires of the porous layer can provide strong disturbance and stirring effect for the fluid flow. Factors (a) and (d) play positive role in enhancing single-phase heat transfer, while all four factors contribute to the boiling heat transfer. As a result, heat transfer enhancement is seen over a plain surface in both single-phase and two phase regions.
CONCLUSIONS
An experimental study was carried out to investigate flow boiling heat transfer performance with a water jet impinging on a plain and a structured-porous coated surface at atmospheric pressure. The results show that; for a plain surface, the boiling performance was independent of jet velocity and jet subcooling for fully developed boiling. This is consistent with findings in the literature. Further, it was found that the boiling performance data of jet impinging on a plain surface agree well with Copeland's correlation .
The preliminary results of jet imingement boiling on a M200-N4 surface shows that significant heat transfer enhancement could be achieved compared to that on a plain surface under similar conditions. Specifically, at a surface superheat of 7.9K and a jet Reynolds number of 5,000, 248% heat transfer enhancement was seen with a M200-N4 porous surface compared to that of a plain surface. In addition, boiling stopped at a surface superheat of only about 3.5K on the porous surface; in contrast, boiling disppeared at a wall superheat of 20K on the plain surface. In addition, higher subcooling increases the heat transfer performance for the porous surface and the plain surface, before boiling is fully developed. 
